A suitable criterion for tube sizing in reverse cycle machines by Rivero  Vilà, Oriol del
1 
 
 
 
 
THE ECOLOGICAL COST: 
  
A SUITABLE CRITERION  
FOR TUBE SIZING IN  
REVERSE CYCLE MACHINES  
 
 
 
 
 
ORIOL DEL RIVERO VILÀ 
July 2012 
A. KHEIRI, M. FEIDT. 
Université de Lorraine Lemta, 2 Avenue de la Forêt de Haye, 
Vandoeuvre-lès-Nancy 54516, France. 
 
  
2 
 
Abstract 
 
To find the optimal diameters for the connecting tubes in reverse cycle machines we 
use in this paper a new criterion that we have recently developed, the Ecological Cost, 
“EC" (Kheiri et al. 2011) EC includes the environmental cost, in CO2 equivalent, of the 
exergy destroyed by head losses in the tubes and the refrigerant mass GWP (Global 
Warming Potential) in the same tubes, which is also provided by CO2 equivalent. 
Leakage effect can also be included in EC. We develop an expression for the optimal 
tube diameter on this basis. We consider simple cases with no heat exchange and 
single-phase fluid flows. 
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Nomenclature 
 
At tube cross sectional area (m²) 
COP coefficient of performance (-) 
c created entropy rate cost 
(equivalent kg CO2·J
-1) 
c’ mass refrigerant cost “GWP”  
(equivalent kgCO2·kg
-1) 
D diameter (m) 
∆t the expected device lifetime (s) 
EC  ecological cost (equivalent kg 
CO2) 
EC' EC per unit length, (equivalent 
kg  CO2·m
-1)  
  x' exergy flow per unit length 
(W·m-1) 
f friction coefficient (-) 
L length of the tube (m) 
M  refrigerant charge (kg) 
   mass flow rate (kg·s-1)  
P  wetted perimeter (m) 
   heat flux, (W) 
    heat flux per unit length, (W·m-
1) 
     heat flux density, (W·m-2) 
Re Reynolds number, (-) 
T mixing temperature of the fluid, 
(K) 
 
   generated entropy (W·K-1) 
    generated entropy  per unit 
length,    (W·K-1·m-1) 
      generated entropy per unit 
volume, (W·K -1·m-3) 
V Volume, (m3) 
x abscissa, (m)  
 
Greek letters 
  viscous dissipation function, (s-2) 
μ dynamic viscosity, (Pa·s) 
ν  kinematic viscosity, (m2·s-1) 
ρ  local fluid density, (kg.m-3) 
 
Indices 
opt  optimal 
ref  reference 
C cold 
H hot 
 
Others 
VAP vapour 
LIQ liquid 
HP high pressure 
LP low pressure 
RCCM reverse cycle cooling machine
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1. Introduction 
 
After Montreal and Kyoto agreements some studies have been carried out related to 
refrigerant charge reduction in reverse cycle cooling machines (RCCM). Some authors 
used TEWI (Total Equivalent Warming Impact) to study the global impact of 
greenhouse effect of frigorific machines (Poggi et. al; 2008) TEWI is the sum of CO2 
equivalent of total energy consumption during the lifetime of the device and the 
equivalence in CO2 of refrigerant charge taking into account its partial recovery at the 
end of useful machine's life. Leakages are also included. Even TEWI permits 
comparison between two reverse cycle cooling machines; it’s however not useful for 
RCCM parts optimizing purpose. 
In a typical RCCM the refrigerant fluid is basically located in the HEX (condenser and 
evaporator) and in the connecting tubes. Poggi et al. (2008) shows that the typical 
relative fluid mass proportion in the case of a 5 kW RCCM is 77% in the HEX and 32% in 
the tubes. The mass proportion in the tubes increases roughly in case of split system. 
For an industrial facilities, Macchi et al. (1999) indicated that for a 300 kW RCCM, the 
proportion of total refrigerant contained in the tubes is 64%. Despite the actual 
importance of optimal tube sizing in RCCM, in-depth studies are rare and there is no 
widely used criterion or approach nowadays obviously used by specialists.  
 
Reduction of frigorific fluid charge implies reduction of tubes diameters. Such a 
reduction involves in the same time more head losses, and consequently more useful 
energy needed to insure fluid's flow. So there is a trend off between those antagonist 
effects and an optimal design value has to be found for the tube diameter  
 
We have developed (Kheiri et al. 2011) a criterion called EC, Ecological Cost, which is 
the sum of the equivalent CO2 of the refrigerant fluid mass and the CO2 equivalent of 
the useful exergy destroyed by head losses during machine’s lifetime. EC has been 
used in for heat exchangers optimal sizing. Our concern in this paper is to guess the 
usefulness of EC criterion, to find the optimal size of connecting tubes in RCCM. 
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2. Design of reduced charge systems 
 
There are some parameters that have importance for reducing refrigerant charge in 
RCCM (Poggi et al. 2008): 
 
1- System architecture (direct or indirect system, split system) 
2- Refrigerant physical properties 
3- Pipes Diameter and length 
4- Receivers sizes 
5- Expansion device and heat exchangers technologies. 
 
The split systems are characterized by relatively significant pipes lengths, and 
consequently by rather high refrigerant amounts in these components. The ratio 
between the charge in the liquid pipes and the total charge is 60% for direct expansion 
systems (High Pressure liquid pipes) and 40% for the flooded systems (Low Pressure 
liquid pipes). It's also observed that for a small split system, 30% of the total 
refrigerant charge is located in liquid pipes (except on the receiver).   
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3. Ecological Cost: remind of definitions and restrictions to RCCM 
connecting tubes 
3.1. Entropy creation due to refrigeration fluid flow in tubes 
In the case of single-phase fluid flow in a tube, volumetric entropy generation is due to 
two phenomena: the heat exchange between the fluid at temperature T and the tube 
inner surface, and the other is due to main fluid flow head losses.  
 
          
        
     
     
  
                   
  
 
    (1) 
 
  is the viscous dissipation function (s
-2) (Kheiri et al. 2011). 
The main concern is to find optimal tube diameter value that minimizes not only the 
refrigerant fluid charge, but also entropy generation. Using CO2 equivalent, allows 
homogeneity between those two targets. 
When a fluid at temperature T and pressure P flows in a tube with a mass flux rate  , 
if there is heat exchange with the inner surface of the tube which is at temperature 
T+∆T, the local entropy generation by unit length of the tube is (Bejan, 1982), (Feidt, 
1996). 
 
    
     
     
  
 
 
 
  
  
  
  
  
      (2) 
 
where    is the heat flux per unit length and x indicates position along fluid flow. 
Basically, two parameters are fixed in such Fluid flow, Reynolds number and heat flux, 
or mass flow rate and heat fluxes. We could also fix temperature difference ∆T 
between the tube surface and the fluid instead of the heat flux. 
In this work, we consider insulated connecting tubes, so there is no heat flux nor 
entropy generation related on. Then: 
 
    
  
  
  
  
  
      (3) 
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By introducing the Reynolds number and the friction coefficient f, we obtain this 
expression: 
 
    
      
       
     (4) 
 
As a consequence of this entropy generation, the exergy destruction in the tube per 
unit length is, in W/m: 
 
            
      
      
       
   (5) 
 
Tref is the temperature reference that is classically the ambient temperature used in 
exergy analysis (Bejan, 1982). 
3.2. The Ecological Cost 
The ecological cost (EC) it’s defined by (Kheiri et al. 2011): 
 
                   (6) 
 
c, in kg CO2/J, is the CO2 equivalent of the production for each Joule (or kWh) of 
energy used by the compressor of the machine. In most cases the energy used is 
electricity; hence c value depends on the local energy mix. So, depending on the 
country we will have different values of c. In Europe (Meunier, 2004), this value is on 
average 0.43 kg CO2/kWhe, with a maximum of 1.03 kg CO2/kWhe and a minimum of 
0.09 kg CO2/kWhe. ∆t is the machine’s lifetime. 
c’ in kg CO2/kg represents the CO2 equivalent of the greenhouse effect of the 
refrigerant fluid. This value matches up with GWP (Global Warming Potential) of this 
fluid. For example, for R134a the value of c’ is 1300 kg CO2/Kg (Meunier 2004). 
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4. Using EC to optimize tube dimensions. 
4.1. EC expression in tubes 
The EC expression for a single-phase fluid with density ρ is: 
 
              
       (7) 
 
V is tube volume. Per unit length we have: 
 
                        (8) 
 
At is transversal tube section. 
Considering a circular tube section and using Eq. (4), Eq. (8) leads to:  
 
           
      
       
     
  
 
    (9) 
 
f, the friction coefficient, is function of Reynolds number. 
In Eq. (9) we have potentially three independent parameters: the mass flow rate, the 
Reynolds number and the diameter. 
Recalling that there is the following relationship between those three parameters: 
 
   
   
   
     (10) 
 
If we fix one of the three, EC’ optimization may be conducted for one of the two other 
parameters.   
However, finding the optimal tube size while fixing mass flow rate, is the most practical 
use of the former equations. Notice that mass flow rate is directly related to the RCCM 
power. Another way is to impose Re. In this last case, friction factor is directly deduced 
with fluid mechanic classical correlations like eq. (11) hereafter. 
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4.2. Refrigerant mass flow rate imposed. Completely developed turbulent flow case. 
In the case of fixed   for a single phase fluid flow in a tube, finding the optimal value of 
D from eq. (9) requires an expression of friction coefficient f which depends on 
Reynolds number. The difficulty is that fluid mechanics gives multiple correlations 
between Re and f depending on Re level. The fact is that Re depends on D which we are 
seeking for.  
To solve this problem, for smooth tubes we can a priori make the assumption of a Re 
between 104 and 106 and a fully developed turbulent flow; this Re range level must be a 
posteriori confirmed.  
Mac Adams correlation [8] gives for this Re range level: 
 
              for 104 < Re < 106   (11) 
 
If we substitute (11) in (9) we obtain: 
 
     
                 
   
           
   
    
 
    (12) 
 
The optimal diameter value is the one that minimizes EC or EC’. By calculating the 
derivative of EC’ with respect to D and making it equal zero, with some given local 
values as viscosity or density, we obtain the value of optimal local diameter Dopt. 
 
                                                                 
    
  
                                      (13)  
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     (15)  
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Before having calculated this diameter value, we must assure its correspondence with 
a turbulent flow and, hence, the expression (11) used for f is valid and the hypothesis 
makes sense. If not, we have to replace (11) with a new expression which corresponds 
to a new Reynolds number and recalculate the value of the diameter by reformulating 
(12). That should be the procedure; iterate until we get to a Reynolds number that 
corresponds with the good correlation used for f. 
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5. Economical optimization 
 
Ecological cost is a good tool for sizing for certain fluids with medium-high values of 
GWP, but not for lower GWP's because the value of the diameter tends to be too big.  
As a consequence the fluid velocities are, for example, around 0,5-1 m/s in the case of 
propane. 
To avoid this situation we can make an economical optimization by adding to the EC’ a 
new term that takes on account the cost of the pipes in €/kg or €/m and change the 
values of c and c’ to appropriate ones. 
This is the case of the ammonia. A good tool for sizing can be this kind of economical 
optimization due to its zero value of GWP.     
 
 
Figure 1. Sketch of the tube 
 
                
             
    (17) 
 
  
  
 
 
     
                 (18) 
 
                                           (19) 
 
If we introduce (19) and (20) into (18) the equation leads to (21). 
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By making the derivative of EC’ respect to D and making equal zero then, 
 
    
  
  
                 
   
        
         
   
 
        
    
 
         (21) 
 
The new variables introduced in this economic optimization are the next: 
 
                     
                    
    
                         
                           
                         
                         
 
We can find easily the price of a copper tube per meter (c’’’).  However, is difficult to 
find the price per kilo of a copper tube (c’’). We can make the conversion of c’’’ to c’’ 
value with the next correlation: 
 
    
 
          
         (22) 
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6. Calculation and results 
6.1.  Working conditions 
 
We consider a refrigerating cycle with no subcooling nor superheating. We also 
consider a compressor with isentropic performance of 80%. 
6.2. Using EC equation to optimize tube sizing 
There are three parts on a refrigerating device where the refrigerant fluid is in a single 
phase. The first one is the suction line (P1) that connects evaporator and compressor 
where we assume that the fluid is a saturated vapor at TC. The second part is the 
discharge line (P2) that connects the compressor to the condenser; the fluid is in a 
vapor single phase but at a high pressure (HP) and higher temperature. Finally, the 
liquid line (P3) that links condenser and the expansion devise where we assume 
saturated liquid at hot temperature TH. Due to fluid different physical properties 
(viscosity, density) in P1, P2, and P3, Eq. 16 shows that each part will have its own 
optimal diameter.  
To find values as viscosity, density or enthalpy we’ve used SOLKANE data base that 
gives values for a large variety of refrigerant fluids. In the case of propane the we used 
REFPROP database. 
6.3. Optimal diameter versus cooling capacity (evaporation power) 
If we impose the cooling capacity (evaporation power) of a RCCM, by knowing the 
enthalpy values at the cold temperature TC, we can easily deduce the mass flow rate 
that is constant in the entire device. Cooling capacity and mass flow rate are directly 
related by:  
Figure 2. Scheme of an RCCM Figure 3. T-S Diagram 
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                                 (23) 
 
For four chosen refrigerant fluids i.e. R-134a, R-407c and R-410a, we find from Eq. 16 
the optimal diameters in P1, P2 and P3 machine’s parts.  
For the chosen fluids, the necessary physical properties in those sections are in table 1. 
Conditions are the same for the tree fluids: P1 is “VAP LP” for saturated vapor at 
TC=263 K, P2 is “VAP HP” for refrigerant fluid at HP and in a  temperature provided by 
the fact we assume 80% as compressor isentropic efficiency, and P3 is “LIQ HP” is 
saturated liquid at TH=313 K. 
 
Table 1. Refrigerant properties 
REFRIGERANT 
Dynamic 
viscosity (Pa·s) 
Density 
(kg/m3) 
c' “GWP” 
(kgCO2/kg) 
R-134a 
Suction line (VAP LP) 1,036E-5 9,985 
1300 
 
Discharge line (VAP HP) 1,297E-05 45,792 
Liquid line (LIQ) 1,62E-04 1147,4 
R-407c 
Suction line (VAP LP) 1,385E-5 13,806 
1610 Discharge line (VAP HP) 1,49E-5 54,47 
Liquid line (LIQ HP) 1,26E-4 1068 
R-410a 
Suction line (VAP LP) 1,116E-5 21,92 
1725 Discharge line (VAP HP) 1,66E-5 77,66 
Liquid line (LIQ HP) 9,83E-5 976 
Propane 
Suction line (VAP LP) 7,156E-5 7,591 
3,3 Discharge line (VAP HP) 9,22E-6 27,397 
Liquid line (LIQ HP) 8,3E-5 467,76 
 
Choosing the same life time of Δt=315360000 s (10 years) and a fixed value of 
c=1,1944E-07 kg/J which is the European average value (Meunier, 2004), we obtain, 
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using Table 1, optimal diameter D1, D2 and D3 for respectively parts P1, P2 and P3 
(respectively figures 3, 4 and 5). 
 
 
Figure 4. Optimal diameters D1 
 
 
Figure 5. Optimal diameters D2 
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Figure 6. Optimal diameters D3  
 
 
 
Figure 7. Optimal diameters for propane. Tc=263 K 
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6.4. Diameter ratios versus Evaporation temperature 
From Eq. 16, we can easily see that the optimal diameter ratios between parts P1, P2 
and P3 are independent of the cooling capacity. With the above conditions (table 1) we 
have the following ratios: 
 
Table 2. Diameter ratios for a refrigerating cycle with a Tc of 263 K. 
 D1/D2 D2/D3 D3/D1 
R-134a 2,01 3,82 7,7 
R-410A 1,8 2,86 5,14 
R-407C 1,9 3,45 6,53 
Propane 1,93 3,26 6,29 
 
For those four refrigerant fluids, we note that the suction line optimal diameter should 
be nearly two times bigger than the one’s of the discharge line and this last is between 
2.8 and 3.8 times bigger than the liquid line one depending on the refrigerant used. On 
addition, the optimal diameter of the suction line (LP vapor), is between 7.7 and 5.1 
times bigger than the liquid line (HP liquid) optimal diameter. 
 
With a fixed condensation temperature, we can vary evaporation temperatures from 
0°C to -25°C and we can then compare the optimal diameters values D1, D2 and D3.  
We note that D1 (suction line) varies widely with TC, while D2 suffers a little variation. 
D3 has a nearly constant value, approximating we can say that it’s not dependant on 
TC, the only parameter that change is de mass flow rate (figure 10).  
Results in figures 8-14 are for 10 kW RCCM.  
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Figure 8. Suction line diameter versus Tcold 
 
 
Figure 9. Discharge line diameter versus Tcold 
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Figure 10. Liquid line diameter versus Tcold 
 
 
We represent the diameters obtained for the propane separated of the other refrigerants for 
two reasons. The first one is that the calculations in the case of propane have been done with 
REFPROP instead of SOLKANE and the other is the great difference in the diameter results 
compared with the three others. 
 
 
Figure 11. Optimal diameters for Propane refrigerant versus Tcold 
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5,9 
6 
6,1 
6,2 
6,3 
6,4 
6,5 
245 250 255 260 265 270 275 
D
3
 (
m
m
) 
Tc (K) 
R-134a R-410A R-407C 
0,0 
50,0 
100,0 
150,0 
200,0 
250,0 
300,0 
245 250 255 260 265 270 275 
D
ia
m
e
te
r 
(m
m
) 
Tc (K) 
D1 D2 D3 
22 
 
 
Figure 12. Diameter ratios for R-134a versus Tcold 
 
Figure 13. Diameter ratios for R-410A versus Tcold  
 
Figure 14. Diameter ratios for R-407C versus Tcold  
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Figure 15. Diameter ratios for Propane refrigerant versus Tcold  
 
To unify and simplify we’ve represented them in a dimensionless way (figure 16) what 
permits us to have a unique figure that takes into account the value of the three 
diameters for each refrigerant.  
 
          
  
              (24) 
 
 
Figure 16. Dimensionless representation of the optimal diameters. 
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6.5.  Results in the case of ammonia and copper pipes for the economical 
optimization 
The case of the ammonia is represented in the following study. 
 
 Table 3. Ammonia properties (REFPROP) 
 
Chosen the same life time of Δt=315360000 s (10 years), a fixed value of c=3,2529E-6 
 /J which is the average price of the kWh in Europe for an industrial facility of 2GWh 
consumption per year (Europe’s Energy Portal) and c' is the price of ammonia that 
rounds 500$/tn. The cost of the tube is c’’’= 4  /m. This cost c’’’ is related to a 14 mm 
tube diameter, 1 mm of thickness (h) and a copper tube   = 8900 kg/m
3. We obtain 
with (23) c’’=19,73  /kg.  
Then using Table 3, we obtain optimal diameter D1, D2 and D3 for respectively parts 
P1, P2 and P3 (respectively table 4). Results are calculated for 10 kW RCCM and Tc=263 
K. 
 
Qcool 
(kW) 
D1 
(mm) 
D1€ 
(mm) 
ERROR 
(%) 
D2 
(mm) 
D2€ 
(mm) 
ERROR 
(%) 
D3 
(mm) 
D3€ 
(mm) 
ERROR 
(%) 
1 79,3 18,5 76,67% 43,8 11,5 73,73% 7,4 3 59,33% 
5 153,9 39,5 74,33% 84,9 24,5 71,15% 14,3 6,5 54,58% 
10 204,7 55,5 72,88% 113,0 34 69,91% 19,0 9 52,73% 
20 272,3 77 71,72% 150,3 47,5 68,40% 25,3 12,5 50,64% 
30 321,8 93,5 70,94% 177,6 58 67,35% 29,9 15 49,88% 
40 362,2 107,5 70,32% 200,0 66,5 66,74% 33,7 17,5 48,06% 
50 397,1 119,5 69,91% 219,2 74 66,24% 36,9 19,5 47,20% 
75 469,2 145 69,10% 259,0 90 65,26% 43,6 23,5 46,16% 
REFRIGERANT 
Dynamic 
viscosity (Pa·s) 
Density 
(kg/m3) 
c' (€/kg) 
Ammonia 
Suction line (VAP LP) 8,747E-06 2,3769 
0,39613373 Discharge line (VAP HP) 1,43E-05 8,1436 
Liquid line (LIQ) 1,14E-04 579,68 
25 
 
100 528,3 166,5 68,48% 291,6 103 64,68% 49,1 27 45,05% 
125 579,1 185 68,05% 319,7 114,5 64,18% 53,9 30 44,30% 
150 624,2 201,5 67,72% 344,6 125 63,73% 58,1 32,5 44,02% 
175 665,1 216,5 67,45% 367,2 134,5 63,37% 61,9 35 43,43% 
200 702,7 231 67,13% 387,9 143,5 63,01% 65,4 37,5 42,63% 
250 770,4 256,5 66,70% 425,3 159,5 62,49% 71,7 42 41,38% 
Table 4. Comparison between two different economical optimizations. In black 
without having on account the cost of the tube and in red with having it on account. 
6.6. Head looses 
For all the studied cases, R-134a, R-407C, R410A, propane and ammonia, it’s been 
done a study of the head looses. The importance of this study remains in the liquid line 
(D3) due to its typically long distance in an industrial facility, where usually install split 
systems. If the head looses are too big the liquid risks of a partial vaporization before 
the expansion device. 
To calculate the head looses per unit length we need the fluid velocity, the friction 
coefficient, the density and the diameter. 
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The velocity of the fluid flow is calculated as hereafter, 
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Table 5. Percentage of relative head looses in the liquid line (D3). 
Qcool (kW) R134a R410A R407C Propane Ammonia 
1 4,21475% 1,50834% 2,78323% 0,01718% 0,0146% 
5 3,17266% 1,13541% 2,09509% 0,01294% 0,0065% 
10 2,80738% 1,00468% 1,85387% 0,01145% 0,0047% 
20 2,48415% 0,88901% 1,64042% 0,01013% 0,0034% 
30 2,31261% 0,82762% 1,52715% 0,00943% 0,0029% 
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40 2,19814% 0,78665% 1,45155% 0,00896% 0,0024% 
50 2,11326% 0,75628% 1,39551% 0,00862% 0,0021% 
75 1,96734% 0,70406% 1,29914% 0,00802% 0,0018% 
100 1,86995% 0,66921% 1,23483% 0,00762% 0,0015% 
125 1,79775% 0,64337% 1,18715% 0,00733% 0,0014% 
150 1,74083% 0,62299% 1,14957% 0,00710% 0,0013% 
175 1,69411% 0,60628% 1,11871% 0,00691% 0,0012% 
200 1,65466% 0,59216% 1,09266% 0,00675% 0,0011% 
250 1,59076% 0,56929% 1,05047% 0,00649% 0,0010% 
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7. Conclusions 
 
We have shown in this paper that the Ecological Cost is suitable for optimal tube sizing 
in reverse cycle machines. Expressions of optimal diameter have been derivate. 
The optimal diameter depends on the physical properties of the refrigerant fluid, on its 
GWP, on the machine lifetimes, on its power, and on the local equivalent CO2 of 
electric kWh, and on the hot and cold temperatures. 
We have established that there are three different optimal values for the tubes in such 
machines, one for each part: suction line, discharge line and HP liquid line. Values have 
been calculated for three chosen refrigerant fluids for different machine’s power and 
for fixed hot and cold temperature. 
Values have been processed also for different cold temperature under fixed hot 
temperature and machine’s refrigerating power. 
For each studied case, we have made comparisons on the relative optimal diameter 
values for the mean three parts of the machine. We note that for the studied case, 
ratios can reach values as large as 7,7 between suction line (the bigger) and the HP 
liquid line. 
The results show no important head looses. The biggest value is in the case of the R-
134a (4,2%). The lowest value is in the case of ammonia where the relative increment 
doesn’t exceed the 0,0146%. 
Also we have shown that in the case of refrigerants with zero or very low values of 
GWP, EC it’s not a good tool. At first sight, in those cases, an economical optimization 
it’s a better way for sizing. Given this issue, to make an ecological optimization despite 
the zero GWP, we can take on account other aspects as the cost in CO2 of the lubricant 
used on the RCCM.  
Also would be interesting for some new refrigerants, which have zero GWP but not 
zero ODP (Ozone Depletion Potential) value to find the method to manipulate the 
equations on the way that can be used in EC. In those cases finding a parameter that 
can connect the cost in CO2 of ODP with the GWP would be interesting. There are 
some recent studies that treat this subject. 
Other interesting thing is related with the Life Cycle of a product. This will permit us to 
know which is the equivalent cost in CO2 of a total manufacturing process (the cost of 
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getting the feedstock, of the transport, of the fabrication, of the delivering, etc.). This 
allows us to know in cost of CO2, for example, the cost of the pipes. Then, by adding 
more terms in EC equation we can arrive to a more optimal diameter value in the 
sense of CO2 emissions. 
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APPENDIX 1. ECOLOGICAL OPTIMIZATION. FIXED COLD AND HOT 
TEMPERATURES. 
 
A. R-134a 
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B. R-410A 
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C. R-407C 
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D. Propane 
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APPENDIX 2. ECOLOGICAL OPTIMIZATION. FIXED COOLING CAPACITY. 
 
A. R-134a 
 
 
B. R-410A 
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C. R-407C 
 
D. Propane 
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APPENDIX 3. ECONOMICAL OPTIMIZATION. 
 
A. R-134a 
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B. PROPANE 
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C. AMMONIA 
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APPENDIX 4. ECONOMICAL OPTIMIZATION WITH TAKING ON ACCOUNT 
THE COST OF THE PIPES. 
 
A. R-134a 
 
 
 
 
 
 
  
39 
 
B. PROPANE 
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C. AMMONIA 
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APPENDIX 5. HISTORICAL REVIEW 
 
The classification of refrigerants depends on different aspects like the range pressure of work, 
the safety regulations (toxicity, flammability and explosive) or the chemical composition of the 
fluid. This last one is the most common way of classifying refrigerants.  We can find different 
categories: 
 CFC’s: Contain two chlorine atoms very stable in the atmosphere (more than 100 years 
in the atmosphere) and contribute greatly at the ozone depletion layer (High ODP 
value. E.g. R11, R12) 
 HCFC’s: Contain one atom of chlorine (between 2 and 28 years in the atmosphere).  
(E.g. R22, R123). 
 HFC: They are formed by H, F and C. Zero ODP but some have an important GWP value 
(E.g. R134a, R407C and R410A). 
The new refrigerants raise interesting questions on the balance between conflicting 
environmental targets and between environmental goals and safety or compatibility ODS 
phase-out’s reduce options to address climate change either from direct consequences or from 
indirect consequences such as energy-related emissions (Calm, 2008) [12].  
It is impossible to find a refrigerant with all the properties described below, so depending on 
the uses there would be a better criterion to follow to choose the best refrigerant.  
The environmental consciousness is increasing and becoming stricter by the given established 
rules. Working with HFC or the not halogenated refrigerants has become an obligation. In 
Europe, the use of Carbon dioxide has increased a lot for commercial refrigeration and in 
indirect systems (“secondary loop”) because it’s zero ODP and low value of GWP. The 
hydrocarbon refrigerants, as for example R-600a (isobutane) and isobutane blends, have 
become substitutes of R-12 and R-134a and now are dominating in the European domestic 
refrigerators market, but not in North America.  
Once R-22 was forbidden, some new refrigerants had been developed to substitute it like R-
410A and R-407C. Those are the chosen refrigerants to make the study along with R-134a. 
 R407c: R-32 (23%), R-125 (25%), and R-134a (52%). It’s a zeotropic blend. 
 R410a: R-125 (50%) and R-32 (50%). It’s an azeotropic blend. 
The fluids that are a mixture of other pure refrigerants are characterized by not having a 
constant phase change temperature at a given pressure which is the case of R-407C. 
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APPENDIX 6. INFLUENCE OF THE MASS CHARGE ON THE REFRIGERATION 
CYCLE. 
 
Some studies show that the mass charge on a refrigerating device, the refrigerating 
cycle and the system performance are strongly related. There is a specific charge, look 
at figure 1 (d), that permits the machine to work in a good way and take the maximum 
profit of the latent heat phase change. It also shows that if the system works on this 
way the COP reaches an optimal value [11].  
 
